We demonstrate the generation of 0.85 PW, 30 fs laser pulses at a repetition rate of 3.3 Hz with a record average power of 85 W from a Ti:sapphire laser. The system is pumped by high-energy Nd:glass slab amplifiers frequency doubled in LiB 3 O 5 (LBO). Ultrahigh-contrast λ 400 nm femtosecond pulses were generated in KH 2 PO 4 (KDP) with >40% efficiency. An intensity of 6.5 × 10 21 W∕cm 2 was obtained by frequency doubling 80% of the available Ti:sapphire energy and focusing the doubled light with an f ∕2 parabola. This laser will enable highly relativistic plasma experiments to be conducted at high repetition rate.
There is great interest in ultrahigh-intensity laser pulses for relativistic ultrahigh-energy density science, ultrashort-wavelength coherent and incoherent radiation sources, and particle acceleration. The advent of chirped-pulse amplification (CPA) [1] enabled dramatic growth in the peak power of the most powerful lasers [2, 3] . Several petawatt (PW) lasers have been demonstrated or are under development in laboratories worldwide [4] [5] [6] [7] [8] [9] [10] [11] . New laser systems aimed to generate peak powers of 10 PW also are under development [12] [13] [14] [15] [16] . The first laser to achieve the PW power level did so by compressing kJ pulses from an Nd:glass laser to ps pulse duration [4] . Other lasers achieved this peak power level with less energetic pulses of hundreds of J and hundreds of fs pulse duration from Nd:glass amplifiers [5, 6] . These lasers typically fire at a repetition rate of several shots per hour. A second class of PW-class lasers produces much less energetic pulses of shorter pulse duration, typically 30 fs or less [7] [8] [9] [10] . To date, most PW lasers have been developed with Titanium:Sapphire (Ti:Sa) as the gain medium, which offers broad bandwidth and fs pulse duration [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
Alternatively, the technique of optical parametric CPA applied to PW laser offers the advantages of a wider bandwidth, high temporal contrast, small thermal effects, and tunable wavelength [7, 8, 10] but with typically lower efficiency. High-power Ti:Sa lasers were demonstrated at the >100 TW peak power level at 10 Hz repetition rate [3] . However, the repetition rate of such lasers decreases greatly as they are scaled to PW, mostly due to heat removal limitations in the pump lasers. The highest peak power achieved to date is a 5.4 PW Ti:Sa laser [9] . The highest repetition rate reported for PW class lasers is 1 Hz [11] and significantly less in most other cases [5, 6, 8] . A diodepumped Nd:glass-pumped Ti:Sa laser is under development to generate PW pulses at 10 Hz [18] . Presently in the commissioning phase, this laser has so far been demonstrated to generate 16 J pulses at 3.3 Hz repetition rate that, once compressed, should produce >0.4 PW peak power pulses with an average power >40 W [18] . A Ti:Sa field synthesizer also is under development with the goal of reaching a PW level output at a repetition rate of 10 Hz [19] . While diode pumping of PW lasers has clear advantages for scaling to high repetition rates and increased efficiency, flash lamps still remain greatly more affordable. Here we report the demonstration of a flash-lamppumped Ti:Sa laser, which generates 0.85 PW pulses of 30 fs duration at 3.3 Hz repetition rate with a record average power of 85 W after compression. This is the highest average power reported to date for a PW class laser.
The laser setup is schematically illustrated in Fig. 1 . It consists of a conventional Ti:Sa front end that delivers λ 800 nm pulses into a chain of three high-power Ti:Sa amplification stages pumped by Nd:YAG slab amplifiers designed to operate at repetition rate up to 5 Hz. An 87 MHz Kerr lens mode-locked oscillator (KMLabs) produces 45 nm bandwidth pulses that are stretched to 550 ps FWHM using a grating stretcher [20] . A Pockels cell selects pulses at a frequency of 10 Hz to match the repetition rate of the first two stages of Ti:Sa amplification. These low-energy multipass amplifiers generate 3 mJ and 250 mJ pulses when pumped by a commercially available 600 mJ, 10 Hz, frequency-doubled Q-switched Nd:YAG laser (Quanta Ray Pro-270).
The output of this laser front end is further amplified in three multipass Ti:Sa amplifiers pumped by the frequencydoubled output of eight compact flash-lamp-pumped highenergy Nd:glass slab amplifiers, developed at Colorado State University [21] . The front end of the slab laser system consists of a Q-switched 1053 nm Nd:YLF oscillator that produces 10 mJ pulses of ∼15 ns FWHM duration. The pulses from this oscillator are relay imaged onto a serrated aperture to generate a flat-top beam profile and then spatially filtered to produce a beam with a super-Gaussian intensity profile. This beam profile is relay imaged throughout the rest of the system. The pulses are first amplified to 100 mJ in a flash-lamp-pumped preamplifier consisting of two 7 mm diameter Nd:YLF rods. The beam size is subsequently enlarged and is amplified to 3 J passing through a combination of two 9 mm and two 15 mm Nd:YLF rods, all flash-lamp pumped. The amplified beam is subsequently split into two arms by a 50% beam splitter. Each beam arm is further amplified by an additional 15 mm Nd:YLF amplifier to reach an energy of 3 J. Both circular beams are subsequently stretched onto 8 mm × 120 mm ovals using cylindrical anamorphic imaging telescopes to conform to the 10 mm × 140 mm cross section of the slab amplifiers. The oval beam of each of the two arms is amplified in two passes through the 400 mm length of a Nd:glass slab preamplifier. This preamplifier and the final eight slab amplifiers are similar to those we previously used to pump a 7.5 J, 170 TW, Ti:Sa laser [21] . The narrow slab geometry with zig-zag beam path has long been recognized as a way to eliminate first-order thermal and stress-induced focusing, reduce stress-induced birefringence and increase heat removal to avoid stress induce fracture. This significantly reduces the limitations in the repetition rate inherent to the more commonly used rod geometry [22, 23] . Slab amplifiers have been previously used to amplify ns pulses up to 25 J energy [24, 25] . Our Nd:glass slab pump laser amplifiers are pumped by four Xe flash lamps, which are driven with 300 μs duration current pulses that deposit ∼700 J of electrical energy per lamp per shot. The cooling is provided by turbulent water flow.
Each of the slab preamplifiers is operated to generate 16 J pulses that are divided evenly by three beam splitters (25%, 33%, 50%) to become the input of four identical Nd:glass slab power amplifiers. Amplification of input pulses with 4 J energy in each slab generates pulses with ∼18 J energy and 15 ns duration at 1053 nm. The rms pulse energy fluctuation for 1053 nm slab pump laser is ∼1%. The amplified beams are reshaped into 22 mm diameter beams that are imaged into 27 mm diameter LBO crystals (CrystalLaser) to generate 11 J pulses at 527 nm. The doubling efficiency is ∼63%. A λ∕2 wave plate is placed on each arm before the LBO crystal to ensure S-polarization output. The eight slab amplifiers arms produce a total 527 nm pump energy of ∼88 J, with a uniform nearly flat-top beam profile.
A 6 J pulse is separated and relay imaged onto the first of three high-power Ti:Sa amplification stages that use a 30 mm diameter, 28 mm thick crystal. Three passes of the 800 nm, 250 mJ seed pulses through this Ti:Sa amplifier produce pulse energies up to 3 J at 3.3 Hz repetition rate. From the remaining laser pump energy, 38 J pulses are relay imaged onto a fourth amplification stage, consisting of a 60 mm diameter, 30 mm (Fig. 2) .
The evolution of the laser spectrum along the amplifier chain is shown in Fig. 3 . An acousto-optic programmable dispersive filter (FASTLITE) is inserted between the stretcher and the first multipass amplifier to compensate for gain narrowing and to control redshift to broaden the bandwidth. The spectral bandwidth after the compressor is 50 nm FWHM. The B integral of the system is estimated to be 1.4.
The output pulses are compressed in a vacuum gratings compressor composed of four 1740 l/mm gold-coated holographic gratings (Lawrence Livermore National Laboratory) [26] . The first and fourth gratings are 42 cm × 21 cm in size, and the second and third gratings are 46 cm × 21 cm in size. The beam diameter is enlarged to 185 mm before entering the compressor using a reflective telescope. The total transmission efficiency of the compressor is 70%, resulting in compressed pulses of up to 26.3 J energy. The temporal intensity profile is reconstructed by a single-shot real-time spectral phase measurement device [27] . The measured compressed pulse duration is 30 fs (Fig. 4) , giving a peak power of ∼0.88 PW for the highest energy shots produced. Figure 5 shows the shotto-shot pulse energy variation measured before compressor for a series of consecutive shots at 3.3 Hz. The average pulse energy is 36.3 J, corresponding to an average power of 120 W before compression. The shot-to-shot energy variation is ∼1.7%rms. The average pulse output energy after compressor is 25.4 J, corresponding to an average peak power of 0.85 PW and to an average power of 85 W. This is the highest average power reported to date from a PW class laser. Operation of the pump laser at its full design goal of 5 Hz could potentially generate an average power of 127 W after compression.
To enable experiments requiring ultrahigh contrast [28] , the 30 fs, λ 800 nm laser output pulses were frequency doubled in a 0.8 mm thick antireflection coated KDP crystal. The beam diameter at the crystal is 185 mm. The λ 400 nm second harmonic light is separated from the 800 nm fundamental beam using a sequence of five dichroic mirrors with 99.9% reflectivity at λ 400 nm and a transmittance of >99.5% at the fundamental wavelength. A first set of frequencydoubling experiments was conducted using up to 80% of the output pulse energy available from the Ti:Sa laser. Figure 6 shows the measured doubling efficiency as a function of the energy impinging on the doubling crystal.
A conversion efficiency >40% is readily obtained for input intensities of 2.5 × 10 3 GW∕cm 2 , resulting in λ 400 nm pulses of >8 J. Because the contrast of the λ 800 nm pulses was measured to be ∼5 × 10 6 , the second-harmonic pulses are inferred to have a contrast >1 × 10 12 . Beam focusing is accomplished with an f ∕2 off-axis parabolic mirror (OAP) (f 370 mm). A deformable mirror placed after the last amplifier with Shack Hartmann sensor feedback was used to Fig. 3 . Evolution of the laser spectra through the system: after stretcher (dotted line); after first power amplifier (dashed line); after compressor (solid line); and the final spectral phase (dash-dotted line). minimize the spot focus diameter to ∼1.2 μm FWHM (Fig. 6  inset) , corresponding to an intensity of ∼6.5 × 10 21 W∕cm 2 . The use of an f ∕1 OAP will allow us to reach intensities >2 × 10 22 W∕cm 2 . An even higher intensity will be obtained using the full energy of the pulses generated by the PW class Ti:Sa laser.
In conclusion, we have demonstrated a Ti:Sa CPA laser that generates 0.85 PW pulses of 30 fs duration at 3.3 Hz repetition rate. This laser is enabled by a frequency-doubled high-energy flash-lamp-pumped Nd:glass zig-zag slab pump laser designed to operate at repetition rates up to 5 Hz with good beam quality. Pulses containing 80% of the maximum available energy were frequency doubled to generate ultrahigh-contrast λ 400 nm fs pulses, which were focused to obtain an intensity of 6.5 × 10 21 W∕cm 2 . Intensities >2 × 10 22 W∕cm 2 will be obtainable using f ∕1 focusing optics. This PW-class laser will enable relativistic plasma experiments at high repetition rate and will extend high repetition rate soft x-ray lasers to shorter wavelengths. 
